In this work, an in-depth analysis concerning the transmission performance of IEEE802.11g/n WiFi signals in a radio-over-fiber system is presented. Low-cost optical/electrical transceivers based on 850 nm vertical cavity surface emitting lasers (VCSELs) and PIN photodiodes are considered. System modelling includes the impact of noise generated in the optical path, such as relative intensity noise (RIN), shot noise, photodetector thermal noise, clipping and intermodulation distortion. Analytic results based on Volterra series analysis for the performance of the system in terms of SNR and EVM for several optical modulation index values are obtained. The theoretical analysis is also compared with experimental results. Among several conclusions, it is observed that the laser intermodulation distortion, clipping and RIN are the most relevant factors.
INTRODUCTION
RoF systems can be completely transparent to all signals conveyed in the optical channel. It has been experimentally demonstrated that RoF networks are well suited to simultaneously transport several wireless standards like wideband code division multiple access (WCDMA), IEEE 802.11 wireless local area network (WiFi) [1] , global system for mobile communications (GSM) [2] , WiMAX [3] and ultra-wide band (UWB) [4] .
The RF signals transmitted through the optical link can suffer several impairments such as intermodulation distortion, relative intensity noise (RIN), shot noise, photodetector thermal noise and clipping.
Due to the large number of electrical subcarriers of the WiFi signal, a high nonlinear distortion may be expected from the electrical to optical conversion when using directly modulated laser diodes, such as VCSELs. The most troublesome intermodulation distortion products (IMPs) are the third-order ones since they lie within the transmission band. The maximum fiber length of the optical network is considered to be 100 meters. Thus, it is reasonable to neglect both the attenuation and dispersion of RF signals with frequencies up to 10 GHz [5] .
In this paper, the impairments generated in a point-to-point RoF link modulated by a VCSEL are analysed. The work is divided in four sections. Section 2 describes the theoretical analysis of the RoF system architecture. Section 3 presents the results obtained considering all noise contributions and nonlinear impairments. Finally, Section 4 highlights the main conclusions.
PERFORMANCE ASSESSMENT ANALYSIS
Let us consider the point-to-point architecture shown in the Fig.1 . The RF uplink signal is generated by the Mobile Station and reaches the base station attenuated by the wireless channel. The weak RF uplink signal is then electrically amplified (G) before being converted from the electrical to the optical domain by the VCSEL. In the central station, the optical signal is detected by a PIN photodetector which converts the optical signal to the electrical before reaching the WiFi receiver module (WiFi Rx). The RF signal detected will suffer the impact of the RIN noise, shot noise, photodetector thermal noise, clipping and intermodulation distortion.
The SNR for the uplink path, referred at the output of the photodiode optical receiver, can be written as [6] , 
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2 where the five current noise terms are: the RIN noise current, the shot noise current, the thermal noise current from the equivalent resistance of the photodetector (PD) load and amplifier (R eq ), the current due to the third order intermodulation distortions and the current due clipping distortions, respectively. The source thermal noise can be neglected and 
Each of the noise terms are given in equations (2)- (7), where the r d parameter is the photodetector responsivity, P o is the average optical power detected by the PD, I 0 is the average photocurrent detected, f is the electrical bandwidth of the receiver, q is the electronic charge, k is Boltzmann's constant, T = 290 K, F is the noise factor of the amplifier following the PD and D 111 and D 21 are the third-order distortion coefficients, corresponding to IMPs of type f i + f j -f k and 2f i -f j , respectively. These depend on the laser characteristics and operation point. The µ parameter is the total rms modulation index and is equal to
, where m is the optical modulation index per subcarrier. The parameter represents the fraction of the clipping distortion power which falls in the transmission band which is also dependent on the optical modulation index [8] . For the specific channel allocation, = 1.1×10 -3 for µ = 2%. Volterra functional series, described as a "power series with memory", has been applied previously to assess accurately the laser distortion of the semiconductor laser [9] . The latter analysis enables one to determine adequately the third-order intermodulation coefficients of the semiconductor laser, considering the allocation of subcarriers for WiFi (2.4 GHz -2.42 GHz). Table 1 presents the intrinsic laser parameters of the FINISAIR HFE-4192-582 VCSEL operating at 850 nm, which have been extracted using the frequency subtraction method [10] . The D 111 coefficient has the major impact in the IMD limitation since it increases with N 2 , while the D 21 contribution increases with N (eq. (6)). Also from Fig. 3 and Fig. 4 , it is seen that a better performance is expected when the VCSEL is operated at 9 mA of bias current and a worst performance at 3 mA, when considering the IMD impact on the system performance. For a bias current of 3 and 5 mA, D 111 is maximum for the subcarrier number 34 and 35, and equals 0.0522 and 0.0057, respectively. The corresponding maximum values for D 21 occur for subcarrier number 63 and 64, and are 0.0081 and 0.0034, respectively. The resonance of the laser may actually change the location within the band (subcarrier) where we would expect the maximum distortion to occur (middle channel for D 111 and last channel for D 21 ).
THEORETICAL AND EXPERIMENTAL RESULTS
In this section the previous theoretical analysis, based on SNR, is compared with experimental results. Experimentally the performance of the system is assessed in terms of error vector magnitude (EVM), which relates to the SNR by 1/ EVM SNR = [11] . The experimental setup used is depicted in Fig. 5 . It is composed of a vector signal generator (R&S SMJ 100A) to generate the WiFi signal, an electrical to optical converter (VCSEL model FINISAIR HFE-4192-582), an optical to electrical converter (81495A) and a Digital Serial Analyzer (Tektronics DSA 71254C) for the signal analysis and EVM measurements. Figures 6a) and 6b) show the results of both analytical and experimental SNR as a function of the total rms modulation index, for the uplink point-to-point transmission scheme. The noise limiting contributions are plotted in the graph as well. A minimum SNR of 20 dB can be specified considering a typical sensitivity from a commercial IEEE 802.11n of -74 dBm, in the 2.4 GHz band [12] . From the results we can see that the best performance in terms of SNR is achieved at high bias currents, when the intermodulation distortion is lower and the performance is limited by both clipping and IMD. The maximum SNR value for a bias current of 3 mA is 37.12 dB for a total rms modulation index of 13%, while for a bias current of 5 mA, the maximum SNR is 45.78 dB for a total rms modulation index of 11%.
The experimental results confirm the predicted behavior in the region where RIN and distortion are dominant, showing good agreement with the theoretical results. Experimentally it was not possible to reach the maximum SNR, since the EVM values reached a plateau that we are unable to explain.
CONCLUSIONS
In this article, we have considered the transmission of WiFi signals through an optical channel. In particular, we analyze the uplink performance in a point-to-point transmission system for short range networks.
A theoretical analysis was performed and a good agreement with the experimental results was obtained.
Both analytical and experimental results show that, for low bias currents, the intermodulation distortion is the main limiting performance factor at high modulation indexes, whereas the RIN is the dominant factor for low modulation indexes. For increasing bias current, the IMD distortion decreases and clipping distortion starts to dominate over intermodulation distortion, at high modulation indexes. The detailed analysis presented is adequate for the performance assessment and design of radio-over-fiber systems.
